Structure/function relationship studies of proteins are greatly facilitated by recombinant DNA technology which allows specific amino acid mutations to be made at the DNA sequence level by site-specific mutagenesis employing synthetic oligonucleotides. This technique has been successfully used to alter one or two amino acids in a protein. Replacement of existing DNA sequence coding for several amino acids with new synthetic DNA fragments would be facilitated by the presence of unique restriction enzyme sites in the region of interest. This computer program provides a means of searching the DNA sequence of interest for restriction enzyme sites that could be introduced by site-specific mutagenesis not affecting the amino acid sequence of the protein. Alternately, the program will also allow single amino acid changes to be made.
INTRODUCTION
An excellent example of synthetic oligonucleotides applied to problems in molecular genetics is the recently developed technique of site-specific mutagenesis allowing the ui vitro construction of predetermined mutations at specific locations of a DNA sequence (1, 2) . The advantage of oligonucleotide-directed mutagenesis over other site-directed methods is that the specificity of mutation at the nucleotide level is without restrictions on the target DNA, provided its sequence is known. Secondly, identification of the mutant DNA can be carried out jji vitro employing the oligonucleotide, used as a primer to introduce the mutation, as a specific hybridization probe allowing isolation of phenotypically silent mutants (3) (4) (5) .
A potential drawback of this technique is the need for synthetic oligonucleotides of defined length and sequence. Fortunately, recent advances in DNA synthesis, including fully automated synthesis, have made synthetic oligonucleotides more generally available (6, 7) . It is, therefore, not surprising that oligonucleotide-directed mutagenesis is rapidly becoming an established technique in molecular genetics to investigate structural changes in DNA sequences. The method was first demonstrated (8, 9) and further developed (1) using single stranded <)>X174 phage DNA. Specific structural changes have also been generated in DNA fragments cloned into pBR322 and M13 vectors. Recently, new highly efficient procedures have been reported for oligonucleotide-directed mutagenesis in M13-derived vectors (10, 11) . Mutations include DNA sequences involved in transcription (12) (13) (14) (15) (16) , mRNA splicing (17) , ribosome binding (18) , and protein secretion (19) (20) (21) (22) (23) . Oligonucleotide-directed mutagenesis has also been applied to delete intervening sequences (4, 24) , to create suppressor tRNA genes (25) (26) (27) , and to introduce mutations in a human B-globin gene (5), a polyoma tumor antigen gene (28) , gene IX of vector M13 (29) , and the origin of replication of <t>X174 (30, 31) . More recently, the technique has been successfully employed in structure/activity relationships of B-lactamase (32) and tyrosyl-tRNA synthetase (33,34).
A different method to introduce site-specific mutations in DNA fragments involving synthetic oligonucleotides, has made use of naturally present or previously engineered restriction enzyme sites. The former deals with a single specific point mutation changing the codon for the active-site serine (Ser-70) of pBR322 B-lactamase to that for a cysteine residue, resulting in reduced yet detectable B-lactamase activity (35). The latter uses an ambiguously synthesized oligonucleotide duplex to produce random point mutations targeted in 9 consecutive base pairs in the spacer region between a ribosome binding site and the initiation (ATG) codon (36). Isolation of 1 and 2 base pair mutants by hybridization screening allowed an investigation of structure/function relationships of the spacer region with respect to efficiency of translation (36).
Whereas oligonucleotide-directed mutagenesis is effective in producing 1 or 2 point mutations, no extensive replacement of DNA sequence using this method has been reported. In fact, the extent of substitutions may be limited since the priming capability of oligo-and even polynucleotides containing a relatively extensive mismatched region, may be severely affected by insufficient hybridization to the target DNA. Replacement of more extensive DNA sequences with new synthetic DNA fragments could be carried out by using naturally present and/or engineered restriction enzyme sites in the region of interest. Construction of defined double stranded DNA fragments from synthetic oligonucleotides can be accomplished enzymatically using either T4 DNA ligase (37) or DNA polymerase I (Klenow fragment)(38). When extensive structural changes in DNA are to be made to produce specific amino acid mutations for structure/function relationship studies of proteins, it would be desirable if the introduction of restriction enzyme sites does not affect the amino acid sequence of the protein. On the other hand, if a mutation of a single amino acid residue in a protein (e.g., an active-site amino acid residue in an enzyme) is desired, simultaneous generation of a restriction enzyme site in the target sequence could be useful for screening of mutants and further sequence manipulation.
This report describes a computer program that searches, with several options, the DNA sequence of interest for restriction enzyme sites that can be introduced by site-specific mutagenesis. Although many computer programs are available for DNA sequence manipulations (39-41), to our knowledge no single program will do searches as outlined above.
LANGUAGE AND HARDWARE
Because of the availability and low cost of microcomputers, the present program is written in standard Microsoft BASIC for implementation on a DEC-PC 350, TRS-80, Apple II, and other comparable systems with at least 16K bytes of memory. Rather than providing a highly sophisticated but system-dependent program, we feel that simplicity and portability are more desirable features. No specific provisions have been made for output to a printer although this option can be readily added. The program will pause when the screen is filled, preventing data from scrolling off and allowing screen dumps to a printer for a permanent record. Program parameters determining output format have been treated as variables and can be easily set at the beginning of the program as required. The nature of the program usually does not require handling of large data files, and input is, therefore, primarily from the keyboard. Input from data files can be accommodated by simple alterations of the program.
For particularly long sequences (>100 nucleotides) and maximum mismatches (i.e., 3) execution times can be prolonged in BASIC, and compiled versions in PASCAL or FORTRAN may be preferred. A FORTRAN version has been written, and conversion to PASCAL should be straightforward.
PROGRAM DESCRIPTION
The program searches for 6-base restriction enzyme sites (42) in a given DNA sequence coding for (part of) a protein, allowing selection of 0, 1, 2, or 3 mismatches. With respect to the amino acid sequence, the following two options are available:
Option 1 -no amino acid changes allowed -provides a search for unaltered 6-base restriction enzyme sites (0 mismatches) although its major purpose is to search for sites that could be introduced in the DNA sequence by site-specific mutagenesis without altering the amino acid sequence. The maximum number of mutations permitted is selected by the user (1, 2, or 3) . Statistically, the occurrence of sites requiring 3 mutations is low, and in the majority of cases, selection of 2 mismatches should suffice and will decrease execution time of the program. Sites requiring less mutations than the maximum selected, including unaltered sites, are also included in the output.
The DNA sequence is entered from the keyboard in the appropriate reading frame with a minimum of 9 bases and a maximum of 255. When input has been completed the program lists the DNA sequence, checks for possible input errors, allows corrections and then confirms sequence length and mismatches allowed. Output is given in table-form listing enzyme, recognition site, position in the DNA sequence, number of mutations required, and the number of sites for the enzyme in cloning vectors pBR322 and Ml3mp8, respectively. Isoschizomers of the enzyme are listed in the last column.
Option 2 -amino acid change is desired -allows the search for 6-base restriction enzyme sites that could be created in the DNA sequence by site-specific mutagenesis thereby altering the codon for a preselected amino acid residue. As in the first option, the maximum number of permitted mutations is selected by the user (1, 2, or 3) , and the DNA sequence is entered from the keyboard in the proper reading frame with a minimum of 15 bases. Selection of the amino acid residue to be changed does not include the first and the last two residues coded for by the entered DNA sequence. Output is the same as for option 1 except that the amino acid residue change is also listed.
Data for all commercially available (at the time of writing) 6-base recognizing restriction enzymes (42) are stored in the program, and these can be updated in a simple fashion.
EXAMPLE OF USE
Several recent reports of site-specific mutagenesis employing synthetic oligonucleotides describe mutations generated in the B-lactamase gene of plasmid pBR322 for structure/function studies with respect to transport and processing of the precursor protein (19) and catalytic activity (32,35). e-lactamase is one of two selectable markers on the common cloning vehicle pBR322 (43), specifying resistance to ampicillin. A frequently used cloning site in the pBR322 vector is the unique 6-base restriction enzyme site for Pst I contained in the g-lactamase gene, the complete nucleotide sequence of which has been determined (44).
Because of the interest in the pBR322 g-lactamase gene, we have selected its DNA sequence to demonstrate the program. Figure 1 shows 180 nucleotides, coding for the amino terminal part of the precursor protein, used in the search. Option 1 -no amino acid changes allowed -and the maximum number (i.e., 3) of mismatches permitted between restriction enzyme site and nucleotide sequence were selected. As can be seen from the data in Figure 2 , several unique restriction enzyme sites can be introduced in this g-lactamase gene fragment without changing the amino acid sequence. The site listed as requiring no mutations (i.e., Hgi AI at position 324) is a restriction enzyme site present in the g-lactamase gene. Figure 3 shows the number of restriction enzymes for which 6-base recognition sites can be generated in this DNA fragment by oligonucleotide-directed Figures 4, 5, and 6 demonstrate the use of option 2 -amino acid change is desired. Structure/function studies have been reported for mutation of the Ser-2 residue of the g-lactamase signal peptide (19) , and the Ser-70 (32,35) and Thr-71 (32) residues of native g-lactamase. The figures list all 6-base restriction enzyme sites that can be constructed in the g-lactamase gene resulting in mutation of these amino acid residues, as well as the new amino acid residues. It is obvious that these mutations do not necessarily lead to desired amino acid residue changes. However, when such mutations are generated, the mutants can be phenotypically silent, and the presence of a unique restriction site could facilitate their identification. This approach has been demonstrated in a Ser-2 to Arg-2 mutation (19), introducing an Eco RI site (Figure 4) . Although mutation of Thr-71 to Ser-71 (32) can be carried out by the introduction of a unique Sac I site ( Figure 5) AVA  AVA  SMA  AVA  XHO  AVA  MLU  HGI (  SAC  BVU  BGL  AHA  AVA  XBA  AVA  XHO  HIND  STU  XMA   VI   I   I I   I I   I I   SITE   GTATAC  AGCGCT  GGCGCT  GTCTAC  TGCGCA  CCCGAG  GACGCC  CAGCTG  CTCGGG  GGCGCC  GGCGCC  GGCGCC  GGCGCC  GGCGCT  GGTGCC  GAGCAC  GAGCCC  GAGCTC  GAGCTC  GAGCTC  GCGCGC  GGGCCC  GGGCCC  GGGCTC  GTGCAC  GTGCTC  GCGCGC  CCCGAG  CCCGGG  CCCGGG  CTCGAG  CTCGAG  CTCGGG  ACGCGT  GAGCTC  GAGCTC  GAGCTC  AGATCT  TTTAAA  CTCGGG  TCTAGA  CTCGAG  CTCGAG  AAGCTT  AGGCCT  CGGCCG   POS   213  232  232  261  274  28)  305  317  320  323  323  323  323  323  323  324  324  324  324  324  324  324  324  324  3 24  324  326  327  327  327  327  327  327  328  344  344  344  349  352  358  370   37 1   371  37b  383  383   RM   1   2  2  2   1   2  2  1  3  2  2  2 SITES UNIOUE TO PBR322 Figure 3 . Number of restriction enzyme sites that can be generated in the DNA segment of Figure 1 LEu the technique of site-specific mutagenesis applied to studying the effect of predetermined mutations on the structure and activity of enzymes (32-35), it appears that the construction of new enzymatic activities will become feasible in the near future.
In combination with high-resolution crystal structure data of a protein, the technique allows the structure/function relationship of all amino acid residues involved in substrate binding, catalysis, and folding to be studied (33,34).
In this respect, the program should have useful applications in genetic engineering when oligonucleotide-directed mutagenesis is employed to introduce restriction enzyme sites in DNA, whether it is to facilitate structure/function relationship studies, to create new cloning sites in drug-resistance genes of recombinant DNA vectors, or to allow further sequence manipulations.
AVAILABILITY OF THE PROGRAM
A listing of the program in Microsoft BASIC for the DEC-PC 350, TRS-80, and Apple II, including documentation, as well as a FORTRAN listing will be made available to anyone requesting it. Requests for the program, specifying the desired listing, should be addressed to Rene Arentzen.
